This work investigated the feasibility and efficiency of a heterogeneous photo-Fenton catalyst, Fe/Si codoped TiO 2 , for the degradation of metronidazole (MNZ) under visible light irradiation. The Fe/Si codoped TiO 2 was prepared via a facile and simple sol-gel solvothermal process followed by annealing at 480 C for 4 hours. High resolution transmission electron microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS) measurements revealed that the photo-Fenton process did not change the structure, textural and surface morphologies of this catalyst. Elemental mapping results indicated the good dispersion of Fe and Si ions in TiO 2 . Nitrogen adsorption and desorption measurements indicated that Si doping increased the surface area of the catalysts. The Fe and Si doping narrowed the band gap of TiO 2 . They also facilitated the transfer of photo-generated electrons from TiO 2 to Fe(III). Under visible light irradiation and the optimum operating conditions, MNZ could be completely degraded in 50 min by this catalyst within a wide pH range. Hydroxyl radicals and holes were verified to be responsible for degrading MNZ. The leaching of iron ions was less than 0.047 ppm even after illuminating the catalyst for 6 hours, indicating the good stability of the Fe/Si codoped TiO 2 . The asprepared catalysts with excellent catalytic activity, and remarkable reusability and stability could provide a new insight into the preparation of photocatalysts and have wide applications for antibiotics removal.
Introduction
Pollution of water by antibiotics is becoming a serious social problem because of the illegal discharge of antibiotics from factories into lakes, rivers, and seas without any pretreatment. The large-scale production and use of antibiotics poses a daily threat to human health. 1, 2 There is an urgent need to reduce the pollution of aquatic environments by antibiotics to an acceptable level by a green, fast and sustainable technique. Over the past decades, several traditional methods have been used to treat wastewater, such as coagulation-otation, ultrasound degradation, membrane bioreactors and enriched-adsorption. [3] [4] [5] However, most of these processes are confronted with the difficulty of low degradation rate, high energy consumption and potential secondary pollution. 6, 7 Advanced oxidation processes (AOPs) refer to a range of techniques which can generate oxidants with the assistance of catalysts, strong oxidants, light or thermal input. They are powerful methods for degrading antibiotics because of their strong oxidation abilities. The Fenton process has been regarded as one of the most efficient routes for degrading a wide variety of organic compounds at ambient temperature. 8 This process involves the reaction between H 2 O 2 and ferrous salts in acidic aqueous solution leading to the production of hydroxyl radicals ($OH). 9 The reagents used in the Fenton process are cheap, relatively safe to handle and easy to store. 10 However, there are some disadvantages of the homogeneous Fenton reaction such as the limited pH range (acidic pH) and the difficulty of regeneration of the catalyst. A high concentration of anions and large amounts of ferrous iron sludge are formed during the Fenton process. Furthermore, ferrous ions must be added into the reaction medium continuously to sustain the reaction.
11
To conquer the limitation of the Fenton process and improve the pollutant degradation efficiency, light irradiation was introduced into the Fenton system to form the so-called photoFenton process. During the photo-Fenton process, only small amounts of H 2 O 2 and iron salt are required. 12 However, more $OH is produced than by the standard Fenton process or nonFenton photo-driven processes, 13 which accelerates the degradation rates of a variety of pollutants. The limitation of the ordinary photo-Fenton reaction systems is that their optimal performance is still achieved at pH 3.0 because this pH is benecial for the formation of more soluble and photoactive hydroxyl-Fe 3+ .
14 In most cases, UV instead of sunlight is used, which also increases the cost. Therefore, some developments must be made to overcome these shortcomings.
Heterogeneous photocatalysts would be good candidates to harvest light and trigger the Fenton reaction within wider pH ranges. 15 Numerous heterogeneous photocatalysts including copper nanoparticles, 16 Fe 2 O 3 , CdS [17] [18] [19] and graphene oxide 20 have been developed and used but TiO 2 -based materials are the most well-known among these prospective photocatalytic materials because they are cheap, stable, efficient and noncorrosive. However, TiO 2 without doping can only be irradiated by UV light because of its wide its energy gap ($3.2 eV). This causes the inefficient exploitation of solar light and has impeded its commercialization and wide use, because UV light is only a small part (5%) of the Sun's energy. Furthermore, the electrons and holes (e À /h + ) separated during the light irradiation process tend to recombine easily in TiO 2 . 21 Therefore, it is highly desirable to improve the visible light utilization capacity and photocatalytic efficiency of TiO 2 .
Doping is a very effective means to break through the UV limitation and improve the photocatalytic efficiency of TiO 2 .
22
When suitable transition metals or nonmetal elements are doped in TiO 2 , the band gap energy of TiO 2 is decreased and the absorption of photons is red shied. Meanwhile, the recombination of electrons and holes is inhibited because of the effective separation of the charge carriers caused by the incorporation of the dopant into the TiO 2 crystal lattice.
23-25
Iron-doping would be a good choice for the preparation of photo-Fenton catalysts. 26 Firstly, iron plays an important role in the Fenton reaction and is environmentally benign. Secondly, the radius of Fe 3+ ($0.654Å) is similar to Ti 4+ ($0.604Å).
27
Therefore, Fe ions can be incorporated into the crystal lattice of TiO 2 easily. Furthermore, the separation of photo-generated e 29 Multi-element co-doping would be an effective alternative to improve the stability of the catalysts and reduce the preparation cost. Both experimental results 30, 31 and theoretical calculations 32 have indicated that the photocatalytic properties and stability of TiO 2 were improved when it was codoped with transition metal and nonmetal elements. Silicon, which is widely used in semiconductor manufacture, was reported to cause some aberrance in the crystalline structure of anatase TiO 2 to decrease electron/ hole recombination. 33 Furthermore, silicon doping was reported to increase the surface area and thermal stability of TiO 2 . 25, 34, 35 Si-doped TiO 2 has been reported to be a good photocatalyst for decomposing acetaldehyde under visible-light irradiation. 35 Several recent studies have reported that multielement codoping into TiO 2 could extend the optical absorption edge and improve the visible-light photocatalytic efficiency of TiO 2 . [29] [30] [31] 35 Table S1 † lists the previous applications of modied/doped TiO 2 for pollutant degradation by a photoFenton process. However, to the best of our knowledge, few works have studied the preparation and application of Fe/Si codoped TiO 2 for the degradation of antibiotics and its properties before and aer photocatalytic testing.
In the present work, we report the preparation of an Fe/Si codoped TiO 2 by a simple solvothermal method. UV-vis spectroscopy, X-ray diffraction (XRD), the Brunauer, Emmett and Teller (BET) method, high-resolution transmission electron microscopy (HRTEM), elemental mapping and X-ray photoelectron spectroscopy (XPS) techniques were used to study the properties of the Fe/Si codoped TiO 2 . The performance of the Fe/Si codoped TiO 2 composites was investigated by degrading metronidazole (MNZ), an antibiotic, under different experimental variables such as H 2 O 2 concentration, pH value and the loaded amount of the photocatalysts. Trapping experiments of the reactive species were conducted to explore the active species responsible for the degradation of MNZ.
Experimental

Chemicals and apparatus
Analytical grade chemicals were used in this work without further purication. Titanium butoxide (TBOT, Ti(OBu) 4 This process was used to improve the crystallinity of the photocatalysts and remove some impurities.
36,37
For the preparation of Fe doped TiO 2 , solution A and B were prepared and used as above except that no TEOS was present in solution B (Part B, Scheme 1). For TiO 2 , only TBOT was used. TEOS or FeCl 3 solutions were replaced by ethanol with the same volume (Part C, Scheme 1). The two samples were designated as Fe doped TiO 2 and TiO 2 .
Photodegradation measurement
An aqueous solution containing MNZ was used to evaluate the photocatalytic activity of the Fe/Si codoped TiO 2 , Fe doped TiO 2 , Si doped TiO 2 , TiO 2 and H 2 O 2 itself. The photocatalytic reactor consisted of a glass beaker and a magnetic stirrer. The reaction temperature was kept at 25 C by using a condensated water circulating device. A xenon lamp (220 W) with a 400 nm longpass lter was used to provide visible light. For a typical procedure, 0.3 g catalysts and 0.3 mL H 2 O 2 (10 M) were dispersed in 300 mL of 6 ppm MNZ aqueous solution in a 400 mL glass beaker and magnetically stirred. At a given interval (10 min) during the photodegradation process, 10 mL of the suspension was taken out and centrifuged for 10 min at 5000 rpm to remove the remaining particles. The UV-vis spectra of the supernatants were recorded and the maximum absorbance at l ¼ 320 nm was used for the quantication of MNZ in the solution.
Aer the photodegradation process, the mixture was centrifuged to separate the catalysts. The separated catalysts were reused for the next photocatalytic reaction to evaluate the reusability of the photocatalysts.
The photocatalytic degradation products of MNZ were identied using high performance liquid chromatography-mass spectrometry (HPLC-MS) tted with a maXis ultrahigh resolution time-of-ight mass spectrometer. A Waters ACQUITY BEH C18 column (particle size 1.7 mm, 2.1 Â 50 mm) was used for the separation of the products at 30 C with the mobile phase A (1% formic acid) and mobile phase B (methanol). Firstly, 97% of mobile phase A was passed through the column at a ow rate of 0.3 mL min À1 in 1.2 min. Then, the mobile phase A was decreased gradually to 30% within 2.4 min and was kept for 0.6 min. The mass spectrometry fragments were identied by electrospray ionization in positive ion mode (ESI+). The operational conditions were as follows: capillary voltage: 3.0 kV; desolvation temperature: 350 C. The intermediates were analyzed in triplicate. 
Results and discussions
38
The absorption enhancements of Fe/Si codoped TiO 2 in the wavelength region of 500-800 nm indicated that the doping of Fe and Si into TiO 2 promoted the utilization of solar light, which would improve the degradation efficiency of MNZ under visible light irradiation. These results are in accordance with the photocatalytic activity of the different catalysts, which will be shown later. At the point of zero charge, the VB and CB position of the Fe/ Si codoped TiO 2 can be calculated by the following empirical formula:
where E VB and E CB are the VB and CB edge potential, X is the absolute electronegativity of the material, which is calculated from the geometric mean of the absolute electronegativity of the constituent atoms, and E e is the free electron energy on the hydrogen scale (about 4.5 eV). Based on the above formula, the E VB and E CB of Fe/Si codoped TiO 2 were calculated to be 2.18 eV and 0.87 eV, respectively. Fig. 2 Fig. 4a illustrates typical FETEM images of the Fe/Si codoped TiO 2 . Most of the particles were spherical and the grain size was approximately 12 nm, which was consistent with that obtained from XRD measurements. The interplanar spacing obtained from the particle lattice fringes of Fe/Si codoped TiO 2 are 0.233 nm, 0.279 nm and 0.368 nm (Fig. 4b) , which match well with the planes of the face-centered cubic (FCC) anatase TiO 2 (112), SiO 2 (062) and Fe 2 O 3 hematite (012), respectively. The polycrystalline nature of the Fe/Si codoped TiO 2 was also veried by the SAED pattern, which is displayed in the inset of Fig. 4b . The Fe/Si codoping presumably suppressed the recombination of electrons and holes, and the SAED pattern Fig. 4c . It indicated that iron, silicon, titanium and oxygen are evenly distributed in the sample.
XPS was used to understand the surface composition and bonding environment of the prepared Fe/Si codoped TiO 2 . Fig. 5a (Fig. 5b) . An approximately 0.36 eV positive shi was observed for the binding energy of Ti 2p 3/2 in the Fe/Si codoped TiO 2 sample compared to pure TiO 2 .
42 This indicated the doping of Si and the formation of the Si-O-Ti bond. Because the electronegativity of Si is bigger than that of Ti, the dopant Si presumably attracted electrons and thus decreased the electron density around Ti atoms. Hence, the binding energy of Ti shis positively. Fig. 5c of the electrons to reduce the recombination rate between electron and hole pairs and thus increased the photodegradation efficiency. Fig. 5d shows the Si 2p XPS spectrum. The binding energy of Si 2p for Fe/Si codoped TiO 2 appeared at 103.31 eV, which is lower than that of pure SiO 2 (103.4 eV). 38 In other words, in contrast to the Ti and Fe binding energies, the binding energy of Si 2p decreased in the co-doped TiO 2 . This implies that the effective positive charge around Si atoms decreased. Because the electronegativity of Si is higher than that of Ti, Si was negatively charged in the Fe/Si codoped TiO 2 . This caused the decrease of the Si binding energy. This result also indicated the interactions between silicon species and the TiO 2 lattice, and the successful formation of Si-O-Ti bonds. Fig. 5e shows the XPS spectra of O 1s of Fe/Si codoped TiO 2 . The peak at 530.2 eV is the crystal lattice of TiO 2 and Fe 2 O 3 . 45 The peak located at 532.96 eV could be assigned to Si-O. These results were in accordance with the previous reported XPS results of Sidoped species.
Photodegradation study of MNZ by different materials and processes
The photo-Fenton process has been reported to have an improved effect on pollutant degradation in comparison to the conventional Fenton and non-Fenton photo-driven processes. 10, 16, 20 A series of experiments for the degradation of MNZ were performed and compared. Fig. 6A compares the degradation efficiency of TiO 2 , Fe doped TiO 2 and Fe/Si codoped TiO 2 against MNZ under different conditions. The results allowed us to conclude that photo-driven or Fenton treatment alone yielded low-level degradation efficiency while the photo-Fenton process is much more effective. Only ca. 1% MNZ was degraded aer 50 min by TiO 2 , Fe doped TiO 2 and Fe/Si codoped TiO 2 in the presence of H 2 O 2 but without light illumination, indicating that only a small quantity of $OH was produced by the Fenton process in the absence of light at pH 7.0. This quantity of $OH radicals generated had only a low ability to oxidize MNZ. The degradation efficiency was improved in the presence of light. This may be due to the formation of $OH by photo-illumination. However, for TiO 2 , the degradation efficiency was almost the same even in the photo-Fenton process. This implies that no Fenton reaction occurred when using TiO 2 as the catalyst. Furthermore, the TiO 2 -catalyzed system has the lowest degradation efficiency in comparison with the other two catalysts, Fe doped TiO 2 and Fe/Si codoped TiO 2 . This supported the high energy efficiency of Fe doped TiO 2 and Fe/Si codoped TiO 2 in utilizing visible light. For Fe doped TiO 2 and Fe/Si codoped TiO 2 in the photo-driven and photo-Fenton processes, both of them had their highest degradation efficiency when the photo-Fenton process was applied but the lowest degradation efficiency when the Fenton process was utilized. Furthermore, the degradation efficiency achieved by the photo-Fenton process was higher than the sum of the efficiencies achieved with the photo-driven and Fenton processes. This demonstrated a synergetic effect of the photo-Fenton process for the degradation of MNZ. Fig. 6B these photo-induced holes and electrons presumably transferred through the photocatalyst surface to form active species for the degradation of MNZ. The superior performance of the photoFenton process may be due to the higher concentration of $OH, owing to the generation of $OH simultaneously by photodriven and Fenton processes. We also tested the photocatalytic activity of Fe/Si codoped TiO 2 without calcination in decomposing MNZ under visible light irradiation. The degradation efficiency was only 30%. This veried that the calcination treatment improved the crystallinity and photoactivity of the catalyst.
A series of experiments were performed to optimize the conditions for the best degradation efficiency of MNZ, which included the molar ratio of Fe/Ti and Fe/Si, the concentration of MNZ, dosage of H 2 O 2 , reaction pH, dosage of Fe/Si codoped TiO 2 and degradation time. The optimization procedure can be found in the ESI. † According to the optimization by RSM (response surface methodology), 46 the most suitable conditions to obtain the best MNZ degradation efficiency were as follows: the molar ratio of Fe/Ti: 0.28; the molar ratio of Fe/Si: 6.0; the concentration of MNZ: 6 ppm; the dosage of H 2 O 2 : 10 mM; pH: 7.0; the dosage of catalysts: 0.3 g; the degradation time: 50 min.
The applicability and degradation kinetics of the photoFenton process for the degradation of MNZ by Fe/Si codoped TiO 2 were studied. Fig. 7a shows the degradation efficiency of the Fe/Si codoped TiO 2 toward MNZ. About 93% of MNZ was degraded in 50 min. The degradation rate could be calculated using the following eqn (3):
where C t is the MNZ concentration at instant t (min), C 0 is the initial MNZ concentration and k (min À1 ) is the pseudo-rst-order kinetic reaction rate constant. Fig. 7b shows an approximately straight line for the plot of ln(C t /C 0 ) against time. The adsorption of MNZ on the Fe/Si codoped TiO 2 nanoparticles in the dark was also investigated. The effect of the adsorption of MNZ on the Fe/Si codoped TiO 2 was also studied. Before light irradiation, Fe/Si codoped TiO 2 was mixed with MNZ for 30 min, and then the absorbance change of MNZ was detected. Fig. 7 indicates that little difference was observed between the MNZ concentration changes with and without the preadsorption process. This suggested the negligible effect of the preadsorption process. The kinetic reaction rate constant for the preadsorption process was 0.048 min
À1
, which is almost the same as that obtained without the adsorption process. This indicated that the MNZ degradation was achieved only by the photo-Fenton process but not by the adsorption process itself. Table S5 † lists the degradation efficiencies of MNZ by different procedures and catalysts. Clearly, the method demonstrated in this work is more advantageous than some of the other reported methods. [48] [49] [50] [51] [52] The photocatalytic performances of modied/ doped TiO 2 reported by others have also been summarized in Fig. 6 (A Table S1 . † To the best of our knowledge, the as obtained Fe/Si codoped TiO 2 showed better activity than any of those under visible light irradiation in neutral solution. It can be used within a wide pH range and the degradation efficiency achieved was 93% within 50 min. The active species may differ depending on the catalysts used and the nature of the contaminants undergoing degradation. To clarify the degradation mechanism, the inuences of different scavengers on the degradation of MNZ were studied by using p-benzoquinone as an $O 2À scavenger, 53 potassium nitrate as an e À scavenger, 54 isopropanol and methanol as $OH scavengers, 55 and potassium iodide (KI) as both an H 2 O 2 (ref. 56 ) and a h + scavenger. 53 Fig. 8a shows the results of the trapping experiments. For the $O 2À and e À scavengers, the addition of 600 ppm of p-benzoquinone and KNO 3 to 6 ppm MNZ solution showed a limited effect on the photodegradation of MNZ. This implies that O 2 À and electrons have little effect on the degradation of MNZ. However, two stages can be distinguished in Fig. 8a for the study of the inuence of KNO 3 . In the rst 10 min, NO 3 À seems to delay the degradation process. For the following 40 min, the effect disappears, with a slight increase of the degradation efficiency. This can be explained as follows. In the early stage, NO 3 À competes with Fe(III) to consume electrons. This retards the formation of Fe(II). Later on, this effect is inhibited, probably due to the quick reaction rate between Fe(III) and electrons. Fe(III) can be reduced faster than NO 3 À because it can uptake electrons directly without a molecular rearrangement like that involved in the reduction of NO 3
À
. Most of the electrons in Fe/Si codoped TiO 2 are unable to recombine with the holes because of the quick reaction between the holes and the surface O 2 . Furthermore, the reaction between the electrons and Fe(III) also retards electron-hole recombination and thus enhances the degradation efficiency. Furthermore, the reaction of NO 3 À and electrons prolongs the lifetime of h + and consequently produces more $OH. All in all, Fe(III) plays such an important role in scavenging electrons that the scavenger character of NO 3 À is overshadowed. Fig. 8a also indicates that isopropanol and methanol inhibited MNZ degradation signicantly. The photocatalytic efficiency decreased dramatically when KI was used as the scavenger. Less than 3% MNZ was degraded even aer 50 min light irradiation in the presence of KI. This indicated that hydroxyl radicals and holes were reactive species in the system. When visible light was illuminated on the Fe/Si codoped TiO 2 , electrons would be excited from a lled valence band to an empty conduction band. Fe(III) would react with the electrons resulting in the effective separation of photo-generated electrons and holes and a low recombination rate. Electron holes (h + ) with sufficient oxidation power in the VB, or in localized states within the band gap, can either be directly involved in the photocatalytic degradation reactions or, alternatively, produce $OH by reacting with surface adsorbed hydroxyl groups and water. [57] [58] [59] [60] It is well known that the reaction product of trimesic acid with $OH is intensely uorescent whereas the target trimesic acid reactant is non-uorescent. 61 In this work, trimesic acid was used as a probe to detect $OH. Fig. S2 † shows that an obvious uorescence signal with the peak at 450 nm was generated upon visible light irradiation of Fe/Si codoped TiO 2 in the absence of H 2 O 2 . This means that the holes generated by the visible light irradiation possess sufficient oxidation power to react with surface adsorbed water and/or hydroxyl groups to generate $OH. Fig. S2 Fig. 6 . Therefore, $OH radicals produced from the Fenton process play the most important role for MNZ degradation. The well-known Fenton's reaction contributed to the production of large amounts of $OH through the reaction of Fe(II) and H 2 O 2 . Hydrogen peroxide is a vital component for degrading MNZ in the photo-Fenton systems. The effect of initial H 2 O 2 concentration on MNZ removal has been examined and optimized (Fig. 8b) concentration increased to 3.3 mM. The degradation efficiencies obtained at 3.3 and 13.0 mM H 2 O 2 were almost the same. This may be due to the competitive reaction between H 2 O 2 and MNZ for consuming $OH 63 when a large amount of H 2 O 2 was used.
UV-vis spectra were used to test the MNZ removal by the proposed procedure (Fig. S3 †) . The characteristic absorption of MNZ around 320 nm gradually decreased with the increasing of the reaction time. At the same time, an increase of absorbance below 240 nm was observed. This may be due to the formation of an intermediate during the photo-Fenton process. To have a good understanding of the MNZ degradation pathway in the Fe/Si codoped TiO 2 catalyzed photo-Fenton process, the HPLC-MS spectra were used to identify the by-products of MNZ degradation and the results are shown in Fig. 9 .
On the basis of the radical scavenging results and the analysis of the reaction intermediates by HPLC-MS, Scheme 2 illustrates the reaction process proposed for MNZ degradation and mineralization by Fe/Si codoped TiO 2 photo-Fenton systems. The characteristic peak of MNZ (m/z ¼ 171) disappeared aer undergoing the degradation process for 50 min, indicating that MNZ was decomposed into various intermediates or partially mineralized. Two stable intermediates with m/z values 149 and 116 were observed in the HPLC-MS spectra. Scheme 2 elucidates their formation process. Firstly, compound B was formed when $OH attacked MNZ and caused the release of nitrogen from MNZ in the photocatalytic system. Subsequently, compound C was formed by removing the lateral Nethanol group from compound B. Further, the compound C was cleaved to compound D (3-carbamoyl prop-2-enoic acid, m/z 116) due to the opening of the imidazole moiety. The removal of lateral groups (i.e.-CH]CH-) from compound D led to the formation of compound E, which was a short-linear aliphatic carboxylic acid. The addition of compounds E and F (2-propen-1-ol) present in the system formed a compound with an m/z value of 149. These results correlated well with some previously reported work.
64
In the light of these above results, a possible reaction mechanism of the Fe/Si codoped TiO 2 for MNZ degradation is suggested in eqn (4) and (5) 
H 2 O 2 could also react with the photogenerated electrons to generate $OH radicals (eqn (6)).
Because of the recycling of Fe(III) during the light irradiation and Fenton process, less ferrous ions were converted into Fe(III) sludge. Previous studies also indicated that Si was forced to enter the crystal lattice of TiO 2 to establish a Si-O-Ti bond during the catalyst preparation process. This bond can facilitate the movement of photo-generated electrons from the surface to the doped Fe(III), which could improve the quantum yield and increase the photocatalytic activity of the catalysts. Besides, the Si doping increased the specic area of the catalysts. A high surface area can achieve facile adsorption/desorption equilibrium and mass diffusion of reactants and products and thus enhance the activity and stability of the photocatalytic materials in the photocatalytic application. Furthermore, a positively charge region was generated around the doped Si, which promoted the adsorption of hydroxyl groups to neutralize the charge. Therefore, more holes could react with the adsorbed hydroxyl groups to produce $OH, the most important species for MNZ degradation. All in all, the synergistic effect of Fe and Si codoping is the main reason for the superior efficiency of the catalyst.
Reusability and stability of the Fe/Si codoped TiO 2
Good reusability and stability are also important issues that should be considered for practical use besides the good catalytic performance of the photocatalysts. Fig. 10a shows the MNZ degradation efficiency by the Fe/Si codoped TiO 2 with repeated recovery cycles. The degradation efficiency decreased slightly when using the recovered Fe/Si codoped TiO 2 . This may be due to the leaching of Fe 3+ from the Fe/Si codoped TiO 2 . Metal leaching from the catalyst is an important factor to be considered when metal doped TiO 2 is used. Metal leaching would decrease the photocatalytic activity of the catalyst and cause secondary contamination to the environment. In the present work, the concentrations of Fe in MNZ solution aer being treated by the Fe/Si codoped TiO 2 and Fe doped TiO 2 were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES). These concentrations could reect the extent of leaching of Fe from the catalyst during the photoFenton reaction period. Fig. 10b (Fig. S4 and S5 †) . Compared with the fresh sample (Fig. 4) , the recycled one (Fig. S4 †) seemed to have a much better dispersity. This may be caused by the stirring process during the reaction. However, the morphology (Fig. S4 †) and XPS pattern (Fig. S5 †) did not change signicantly aer the photocatalysis. These results further supported the stability of the catalyst.
Conclusions
In this work, nano-sized Fe/Si codoped TiO 2 was prepared by a simple solvothermal method. It was further used as an efficient catalyst for degrading MNZ by the photo-Fenton process. UV-vis, XRD, BET, FETEM and XPS results conrmed the successful doping of Fe and Si into TiO 2 . The obtained catalyst showed excellent activity throughout the course of the reaction, which mainly arose from the doping of Fe and Si. The doped Fe(III) reduced the band gap of TiO 2 , allowing it to receive photogenerated electrons to prevent e À /h + pair recombination, and promoted MNZ degradation reactions. The doped silicon reduced the band gap of TiO 2 , improved the stability and increased the surface area of the photocatalyst. As a clean, efficient, reusable and stable catalyst with low energy consumption, Fe/Si codoped TiO 2 will have a good application prospect in the treatment of water for antibiotic degradation.
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